Abstract: Water stress is a major crop production constraint for common bean (Phaseolus vulgaris L). The response of bush and climbing bean to excessive and minimal soil moisture at various plant growth stages was investigated under greenhouse for two growing periods; September-February 2016 and March-July 2016. The control consisted in watering with recommended rates for each plant growth stage. Two bean genotypes RWR2245 (bush bean) and MAC44 (climbing bean) were used for this study. The minimal soil moisture (drought stress) treatment consisted of withholding water supply, from the on-set of emergence, vegetative, flowering, pod setting and seed filling growth stages, up to the wilting point of plants. The excessive soil moisture (waterlogging stress) was achieved by saturating the soil on a daily basis for five successive days, starting from the on-set of the aforementioned plant growth stages. For each genotype, these treatments were replicated four times and arranged in a Completely Randomized Design. Drought stress accelerated 
PUBLIC INTEREST STATEMENT
Common bean (Phaseolus vulgaris) is a good source of protein, vitamins and minerals. Increased intake of beans provides nutritional benefits to the diet, and may help to reduce malnutrition status in rural communities. Water stress (drought stress and waterlogging) is among key limiting factors for common bean production. This study was initiated to understand the effect of weather related stresses at different plant growth stages on yield of dry beans. From the study findings, drought stress accelerated the number of days to maturity whilst waterlogging stress increased the number of days to maturity. Both water related stress at vegetative, flowering and pod setting highly decrease bean production with pod setting and flowering being the most sensitive stages to drought stress and waterlogging stress, respectively. These results will provide scientific basis for designing management strategies to mitigate environmental production constraints and optimize bean yield production.
Introduction
Common bean (Phaseolus vulgaris L.) is the most important grain legume and staple food in East Africa. For instance in Burundi, Rwanda, Uganda and in Western Kenya, bean consumption is estimated at 60 kg per capita per year i.e. thrice the mean for Africa (Beebe, Rao, Blair, & AcostaGallegos, 2013; Buruchara et al., 2011; Ostyula, 2010) . However, due to various production constraints, availability and cost often limit bean consumption.
Nutritionally, common bean has a high protein content with a good source of energy and it provides folic acid, dietary fibre and complex carbohydrates (Dagnew, Haileselassie, & Feyissa, 2014) . In addition, common bean protein is high in lysine, which on the other hand is relatively deficient in maize, cassava and rice, making it a good dietary complement to these staples (Katungi, Farrow, Chianu, Sperling, & Beebe, 2009) . Given that most proteins consumed by the poor are from plant sources, common bean plays a significant role in alleviating malnutrition. Bean products are consumed at various stages of plant development, and thus, offer a staggered and prolonged food supply in the form of leaves, green pods, fresh grains, dry grains, as well as bean composite flour for porridge and other snacks.
Beyond promoting food, health and nutritional security, common bean provides a steady and lucrative source of income for many rural households, with the value of bean sales exceeding US $ 500 million annually (Food and Agriculture Organization, 2011; Kalima, 2013) . In Zambia for instance, common bean is one of the major sources of income for the smallholders especially women (Chalwe, Mwiinga, & Tembo, 2011; Samboko, 2011) .
Despite the importance of common bean in food security and nutrition, production of the crop is limited due to biotic and abiotic stresses (Dagnew et al., 2014) . In most countries, the bean crop is grown by smallholder farmers under rain fed conditions and increasingly subjected to unreliable dry and/or wet weather conditions. Therefore, water stress is a very common problem during the growing period often aggravated by the declining soil fertility, diseases, limited access to improved seeds and suboptimal agronomic practices (Calvache, Reichardt, Bacchp, & Dourado-Neto, 1997; Polania, Poschenrieder, Beebe, & Rao, 2016) .
On one hand, drought is a major constraint to bean production and its mode of action is highly complex and variable in response, accentuated by interacting factors and localized within environmental regions (Dagnew et al., 2014; Munyasa, Chemining'wa, Kimani, Mburu, & Nderitu, 2013) . According to Polania et al. (2016) drought is the second most important factor in yield reduction after diseases. Brief periods of water shortage impose a stressful metabolic situation by particularly altering plant photosynthesis, which leads to a depletion of energy and sugars and negatively affect both quality and yield of beans (Cuellar-Ortiz, Arrieta-Montiel, Acosta-Gallegos, & Covartubias, 2008) . Adaptation to drought stress encompasses morphological, physiological, and biochemical mechanisms, including a deeper root system, stomatal control, and improved photosynthate remobilization under stress (Beebe et al., 2011) .
On the other hand, excessive rainfall often exposes plants to transient or permanent waterlogging stress, particularly in tropical and subtropical regions. In waterlogged soils, gas exchange between root systems and soil pore spaces are limited due to oxygen diffusion resistance that is around 10,000 times higher in water than in the air (Ashraf, 2012; Borella, Do Amarante, De Oliveira, De Oliveira, & Braga, 2014) . Since oxygen diffuses through undisturbed water much more slowly than a well-drained soil, when soils are saturated, oxygen requirements rapidly exceed available concentrations (Meronuck, Wright, & Rehm, 2016) . As a result, plant roots suffer from hypoxia (deficiency of O 2 ) or anoxia (absence of O 2 ), which reduce nutrient uptake, crop growth and yield (Ashraf, 2012; Houk, Frasier, & Schuck, 2004) . Crop damages due to waterlogging include necrosis, stunting, defoliation, reduced nitrogen fixation and plant death (Ahmed et al., 2013) .
In addition to the effect on the roots, excessive rainfall does have destructive effects on plant leaves. A number of foliar diseases such as common bacterial blight, halo blight, angular leaf spot and bean anthracnose are prominent in periods of wet weather resulting in loss in photosynthetic area which can affect final yield (Buruchara, Mukankusi, Ampofo, & Walker, 2010; Cyamweshi et al., 2013; Mukankusi, Melis, Derera, Laing, & Buruchara, 2008) . Only 2 days of flooding at vegetative stage can cause 18% of yield loss while it may exceed to 26% if flooding occurs at early reproductive stage of soybean (Ahmed et al., 2013) . As indicated by Beebe et al. (2011) and Li, You, Colmer, and Barbetti (2015) in common bean, no variety to date has been identified with resistance to waterlogging. However, farmers in Uganda and Rwanda substitute bush bean genotypes with climbing beans while coping with waterlogging stress (Cyamweshi et al., 2013) .
Although many studies have been carried out on the effect of water stress, mostly drought conditions, at particular stages of bean crop development, few studies are related to assessment of excessive moisture stress at various developmental stages of the common bean. The main objective of this study was therefore to determine the most sensitive stages of bean growth to water stresses and their impact on yield of two common bean genotypes (MAC44 and RWR2245) with different growth habits that were grown under greenhouse conditions. These two genotypes are regionally recognized for their high yield potential and have been recently released as varieties in Rwanda (2013), Burundi (2015) , and pre-released in Kenya. They are recommended for low and medium altitudes and have yield potentials of 2.5 t ha −1 for RWR2245 and of 3.5 t ha −1 for MAC44. Because of their high yield potential, farmers have rapidly adopted these varieties as grain yield is the most desired character of farmer's interest in field crops and considered as the economic outcome of farming (Ahmed, Selim, Alderfasi, & Afzal, 2015) . Particularly, in Rwanda and Burundi, where climbing bean varieties are being intensively adopted, MAC44 has appeared as an alternative solution to bean production under scarcity of arable land (Katungi et al., 2009 ).
The expected outcome from this study is that the information generated would contribute to develop possible agronomic and insurance packages to confront variations in rainfall and sustain bean production that are beneficial to smallholder farmers, particularly in developing countries.
Materials and methods

Location and plant materials
The study was conducted under greenhouse conditions (greenhouse) for two growing periods: September-February 2016 and March-July 2016. The first growing period was carried out in Kenya at Kabete Field Station of the University of Nairobi (elevation: 1,850 masl) and the second in Rwanda at Rubona Research Station (elevation: 1,650 masl) of Rwanda Agriculture Board (RAB).
In order to assess the effect of water stresses on the performance of both bush and climbing beans, two improved bean genotypes namely MAC44 (climbing bean) and RWR2245 (bush bean) were used. Major characteristics of the two genotypes selected for the study are listed in Table 1 .
Experimental design and treatments
The evaluated treatments were three watering regimes: minimal/moderate watering (drought stress), excessive watering (waterlogging stress) and normal watering (control), applied at the onset of the four plant growth stages i.e. emergence, vegetative, flowering, pod setting and seed filling. These treatments were initiated at the two primary leaves unfolded for emergence stage, the fourth trifoliate leaf unfolded for vegetative stage, at one open flower for flowering, at early pod set for pod setting and at early seed fill for seed filling stage. Each treatment was replicated four times and pots were arranged in a Completely Randomized Design (CRD). The combination of these soil moisture levels with plant growth stages resulted in eleven treatments (Table 2) . (Beebe et al., 2013; Meronuck et al., 2016) The drought stress treatment consisted of withholding water supply until the plant reaches wilting. The treatment was initiated at the two primary leaves (unifoliolate) unfolded for emergence stage, at the fourth trifoliate leaf unfolded (V4) for vegetative stage, at one open flower (R1) for flowering stage, at early pod set (R3) for pod setting stage and at early seed fill (R5) for seed filling stage.
The control treatment was applied by watering each pot with an equivalent of 2 mm day −1 at emergence, 3 mm day −1 at vegetative, 6 mm day −1 at flowering, 7 mm day −1 at pod setting and 7 mm day −1 at seed filling, as recommended by Beebe et al. (2013) and Meronuck et al. (2016) . Waterlogging stress was applied by always keeping the soil water content above 40 and 35% of volumetric water content for clay and sandy-soil, respectively (Sheppard & Hoyle, 2016) . This was achieved by saturating the soil on a daily basis for five successive days, starting from the two primary leaves unfolded for emergence stage, from the fourth trifoliate leaf unfolded (V4) for vegetative stage, from one open flower (R1) for flowering stage, from early pod set (R3) for pod setting stage and from early seed fill (R5) for seed filling stage.
Before and after the water stress treatments were applied, the pots received recommended watering rates based on the plant growth stages. During the late seed filling, watering was stopped as it is known to promote more vegetative growth at the expense of reproductive growth in common bean (Beebe et al., 2013) (Table 3) .
Throughout this experiment, water stress treatments were applied by monitoring soil moisture content, using a capacitance probe (ProCheck PC-1 with GS sensor 2007-2014 Decagon Devices).
Growth conditions and greenhouse management
The experimental unit was a five litre capacity pot filled with 4 kg of top soil. The characteristics (soil texture and fertility status) of the soils used in this experiment were clay (September-February) and sandy-clay (March-July) soils in texture, low P, moderately acidic, moderate in total N, very low (September-February) and Medium in Organic Carbon (Apal Agricultural Laboratory, 2016; Horneck, Sullivan, Owen, & Hart, 2011) (Table 4) .
Planting was done at seedling rate of two seeds per pot and thinned to one plant per pot after emergence (at two primary leaves unfolded). Each experimental pot was fertilized with a pre-planting dose of Urea (23 kg ha ). During the experimental period, pots were kept free from weeds, pests and diseases by a combination of hand weeding, use of insecticide (Cypermethrin 5% EC) for insect control and fungicide (Safari-Zeb 80WP) for fungal diseases control. Cypermethrin 5% EC and Safari-Zeb 80 WP were sprayed every 7 to 10 days at a rate of rate of 0.05 g L −1 of water and 2.5 g L −1 of water, respectively. In addition, pots were rotated every 3 to 5 days to minimize possible location effect on plant development.
Data collection and analysis
Data on plant phenology (days to flowering, plant height and days to maturity), number of pods per plant, number of grains per pod, weight of 100 grains, and grain yield per pot were recorded. These data were subjected to analysis of variance (ANOVA) using GenStat 14th Edition (VSN International, 2011). Mean differences among water stress treatments were determined according to the Tukey's Honest Significant Difference Method. The rate of yield decrease due to water stress treatments was estimated using the formula:
where: Y d is the percentage of grain yield decrease; Y c is the average yield obtained under the control "c"; and Y t is the average yield obtained under the treatment "t".
Results
The present study disclosed that drought and waterlogging stresses had negative effect on plant growth and grain yield components of bush and climbing beans (Tables 5 and 6 ).
Number of days to flowering and days to physiological maturity
For both bush and climbing bean genotypes, water stress levels had a highly significant effect on the number of days from sowing to flowering (p < 0.001) and physiological maturity (p < 0.001). The drought stress at late stages of plant growth (pod setting and seed filling) accelerated the physiological maturity by 4 days on average. Whereas, waterlogging stress at early plant growth stages (emergence, vegetative) prolonged days to physiological maturity by 4 days on average for bush and climbing beans (Tables 5 and 6 ).
Plant height
Water stress treatments had a significant effect on plant height for bush bean (p = 0.024) and not so significant for climbing bean (0.679). Drought stress and waterlogging stress at the evaluated developmental stages reduced plant height for both bush and climbing bean genotypes (Tables 5 and 6 ). Higher reductions of pant height were observed under drought and waterlogging stress at vegetative and flowering stages. However, the shortest plants were observed for waterlogging stress at vegetative stage for bush bean (43 cm) and at flowering for climbing bean (144 cm).
Number of pods per plant and number of grains per pod
For both bush and climbing bean genotypes, water stress levels had a significant effect on the number of grains per pod. For climbing bean, no significant effect was observed in the number of pods per plant with water stress treatments, although a decrease was noticed for all treatment levels (Tables 5 and 6 ). For bush and climbing bean genotypes, the small numbers of grains per pod was observed under drought stress at pod setting and under waterlogging stress at flowering (Tables 5 and 6 ). The lowest number of grains per pod was obtained under waterlogging stress at flowering stage. 
Weight of 100 grains
Compared to the control (unstressed treatment), water stress conditions reduced weight of 100 grains in both cultivars significantly (Tables 5 and 6 ). The weight reduction was higher for waterlogging stress during vegetative for bush beans and seed filling for climbing bean. However, the lowest weight of 100 grains was observed for waterlogging stress at vegetative for bush bean and waterlogging stress at flowering and seed filling for climbing bean.
Grain yield
Highly significant differences were observed among water stress treatments for grain yield of both bush bean and climbing bean (Tables 5, 6 and Figure 1 ). For bush bean, the lowest grain yield was obtained under waterlogging stress at flowering stage and estimated at 13 and 14 g pot −1 for bush and climbing bean, respectively. 
both types (C).
Notes: The bars mean value with standard error as determined from our experiment; E = Emergence, V = Vegetative, F = Flowering, P = Pod setting, S = Seed filling.
Water stress levels caused a reduction in grain yield in both cultivars as compared to the nonstressed treatment (Figure 1 ). Drought and waterlogging stress conditions appeared to have stronger effect on the grain yield of climbing bean than bush bean. Compared to the non-stressed treatment, waterlogging stress reduced grain yield by, on average, 22% and 29%, for bush and climbing bean, respectively. Whereas, drought stress reduced grain yield on average of 13%for bush bean and 20% for climbing bean. For both genotypes, pod setting and flowering stages were respectively most sensitive to drought and waterlogging, causing a yield reduction of 29% and 40% ( Figure  1) . In contrast, genotypes showed a better ability to recover from stress at emergence and vegetative stages than at reproductive stages.
Discussion
The effects of drought and waterlogging stress on agronomic attributes of bush and climbing bean genotypes varied. Some of the parameters were more sensitive to drought and waterlogging stress effects than others. Grain yield, days to flowering, days to physiological maturity, plant height, number of grains per pod, weight of 100 grains, grain yield were highly sensitive to water stresses, whereas plant height and number of pods per plant were the least sensitive for climbing bean type.
Days to physiological maturity
Significant reduction in days to physiological maturity as a result of water stress (drought stress) was observed in the present study which is consistent with previous reports (Beebe, Rao, Cajiao, & Grajales, 2008; Darkwa, Ambachew, Mohammed, Asfaw, & Blair, 2016; Muñoz-Perea, Allen, Westermann, Wright, & Singh, 2007) . As reported by Acosta-Diaz, Acosta-Gallegos, Trejo-López, Padilla-Ramirez, and Amador-Ramirez (2009), most plant species have a tendency to escape from the effects of drought through a faster development in response to drought stress. Similar effects of drought stress on plant phenotype have previously been observed (Ramirez-Vallejo & Kelly, 1998) . Therefore, the matching of crop phenotype to environmental conditions, mainly rainfall pattern, has been recognized as an important criterion for improving drought adaptation in common bean (Acosta-Diaz et al., 2009; Ramirez-Vallejo & Kelly, 1998) .Waterlogging stress is also known to induce alterations in physiological mechanisms and cause adverse effects on several physiological and biochemical process of plants, due to the deficiency of essential nutrients like nitrogen, magnesium, potassium, and calcium (Ashraf, 2012) . In addition, plants exposed to waterlogging stress exhibit stomatal closure, limited water uptake, oxygen deficiency and substantial decline of photosynthetic rate (Ashraf, 2012) .
According to Ashraf (2012) , reduction of photosynthetic capacity of plants under waterlogged conditions has been reported in different plant species by a number of researchers, for example, Lolium perenne (Mcfarlane, Ciavarella, & Smith, 1999) , Lycopersicon esculentum (Bradford, 1983; Jackson,1990 ) Pisum sativum (Jackson & Kowalewska, 1983; Zhang & Davies, 1987) and Triticum aestivum (Trought & Drew, 1980) .
Plant height
Drought and waterlogging stress reduced plant height for evaluated treatment combinations. The plant height decrease was of high magnitude for drought or waterlogging stress at vegetative and flowering stages. The decreased plant height induced by water stress in the young plants could be due to the reduction in plant water status which reduces shoot elongation and leaf expansion together with reduced photosynthesis activity that leads to the inhibition of the plant growth. Extreme moisture stress reduces the ability of plant to utilize soil nutrients and causes reduction in growth rate as well as changes in plant metabolic processes. This finding is in line with Ahmed et al. (2015) and Amri, El-Ouni, and Salem (2014) who reported that plant height, one of the indirect measures of the health of plants, is susceptible to environmental stresses occurred in early plant developmental phases. Similar results were found by Ranawake, Dahanayaka, Amarasingha, Rodrigo, and Rodrigo (2011) and Uddin, Parvin, and Awal (2013) who reported that plant height decreased for mungbean grown under no irrigation and it increased with the number of irrigations. This was attributed to the inhibition of cell division or cell enlargement under soil moisture stress. Limited vegetative growth of grain legume crops, when soil moisture reaches the lower (or above) values of required available water, was confirmed by Board et al. (1990) , Lopez et al. (1996 ), Muchow (1985 , Pilbeam et al. (1992) , Remseur et al. (1984) and Xia, (1994) (as cited in Barrios, Hoogenboom, & Nesmith, 2005) .
Yield components
Yield components are generally good indicators of evaluating crop performance under defined growing conditions. The present study showed significant reductions in number of grains per pod, 100 grain weight, and grain yield under drought and waterlogged conditions. Similarly, Asfaw and Blair (2014) reported significant reductions in pod number per plant, seed number per pod, 100 seed weight and seed yield of common beans under similar drought-stressed conditions. The results from our study indicate that vegetative and flowering growth stages are relatively more sensitive to waterlogging stress whilst pod setting and seed filling stages are more sensitive to drought stress. These results are consistent with the findings of Ambachew, Mekbib, Asfaw, Beebe, and Blair (2015) and Darkwa et al. (2016) . They observed that, the late flowering and pod setting stages appear to be the most sensitive stages to soil moisture stress. Likewise, Liu, Christian, Jensen and Andersen (2008) reported that early seed development is extremely vulnerable to drought stress, mainly because it involves several processes that are highly sensitive to changes in plant water status. According to Emam, Shekoofa, Salehi, and Jalali (2010) and Miorini and Saad (2012) , the reduction of grain yield in water stress as compared to the non-stress condition, may have been attributed to a lower percentage of pods formed due to flower abscission and embryo abortion when drought occurred at flowering and pod filling growth stages. While investigating drought stress and the distribution of vegetative and reproductive traits of a common bean cultivar, Barrios et al. (2005) indicated that total number of flowers in some varieties may be reduced up to 47% under drought conditions affecting the number of pods per plant. In addition, Hossain, Rahman, Rahman, Anwar, and Hossen (2010) and Uddin et al. (2013) , in their studies on Mungbean (Vigna radiata L.) indicated that the percentage of flower and pod abscission increased with increase in soil moisture stress.
Waterlogging is more common and often causes considerable yield loss across plant species. According to Richee (2004) waterlogging stress can reduce soybean yield up to 43% during the vegetative growth stages and 56% during the reproductive stage. Waterlogging during vegetative (V2) and early reproductive (R1 to R3) stages is more damaging to grain yield than other stages (Toai et al., 2010) . These yield losses are attributed to the reduced growth rate, reduced nutrient uptake, decrease of photosynthetic activity and incidence of diseases. There are a number of diseases that can take advantage of the wet conditions including Phythophthora, Rhizoctinia, and Pythium, among others (Scott, DeAngulo, Daniels, & Wood, 1989) . This study has positive implications for bean production in terms of both irrigation management and mitigation of the impacts of environmental stresses. Nowadays, deficit (or regulated deficit) irrigation is one way of maximizing water use efficiency for higher yields per unit of irrigation water applied (Bekele & Tilahun, 2007; Sadeghipour, 2008) . Based on the results from the present study, deficit irrigation strategy may focus on withholding water supply at early plant growth stages (emergence, vegetative) of common bean. As confirmed by Sadeghipour (2008) , water stress during certain growth stages may have more effect on grain yield than similar stress at other growth stages. From our study, grain yield reductions were higher for drought stress at pod setting stage and for waterlogging stress at vegetative and flowering stages. Therefore, insurance programmes may diversify their interventions by tailoring insurance products on these critical growth stages of common bean, while insuring floods and drought-stressed conditions.
Conclusions
Drought and waterlogging stresses are among rapidly increasing constraints to agricultural production particularly for short season grain legume crops such as common bean. Drought and waterlogging treatments reduced common bean yield regardless of whether the stress was applied in the vegetative or in the reproductive stage of plant development. However, drought stress at pod formation stage and waterlogging stress at vegetative and flowering stages, affected grain yield more severely than their occurrence at other growth stages. Based on the results from this study, for common bean, early plant growth stages (vegetative and flowering) are relatively more sensitive to waterlogging stress conditions whereas pod formation stage is most sensitive to drought-stressed conditions. To maximize bean production in dry areas, over-irrigation should be avoided at vegetative-flowering stages and normal irrigation extended across all phenological stages, especially during flowering and pod setting for bush bean and pod setting and seed filling for climbing bean.
